Methods for detecting mycotoxins are very important because of the great health hazards of mycotoxins. However, there is a high background and low signal-to-noise ratio in real-time sensing, and therefore it is difficult to meet the fast, accurate, and convenient requirements for control of food quality. Here we constructed a quantitative fluorescence image analysis based on multicolor upconversion nanocrystal (UCN)-encoded microspheres for detection of ochratoxin A and zearalenone. The background-free encoding image signal of UCN-doped microspheres was captured by fluorescence microscopy under nearinfrared excitation, whereas the detection image signal of phycoerythrin-labeled secondary antibodies conjugated to the microspheres was captured under blue light excitation. We custom-wrote an algorithm to analyze the two images for the same sample in 10 s, and only the gray value in the red channel of the secondary probe confirmed the quantity. The results showed that this novel detection platform performed feasible and reliable fluorescence image measurements by this method. Additionally, the limit of detection of was 0.34721 ng/mL for ochratoxin A and 0.41162 ng/mL for zearalenone. We envision that this UCN encoding strategy will be usefully applied for fast, accurate, and convenient testing of multiple food contaminants to ensure the safety of the food.
Introduction
Food safety problems happening worldwide have raised increasingly important public concerns [1] . Mycotoxins are a major class of pollutants in foodstuffs produced by some fungal species, and are highly toxic; chemically stable; widely distributed, and present difficulties in detection because of their trace amounts, wide variety of types, and multiple mycotoxins coexist in the same foodstuff. [2] [3] [4] . Ochratoxin A (OTA) [5] and zearalenone (ZEN) [6] are two of the most widespread mycotoxins that contaminate a large variety of agricultural commodities [7, 8] . The presence of unsafe levels of OTA has been proved to be mainly nephrotoxic [9, 10] , and ZEN is significantly toxic to the reproductive system [11] . Different methods are routinely used for analysis of OTA and ZEN, including thinlayer chromatography, gas chromatography, and highperformance liquid chromatography [12, 13] with fluorescence and mass spectrometry detection [14] and enzyme-linked immunosorbent assay [15] [16] [17] . Unfortunately, current practices are not ideal in all circumstances largely for food safety monitoring because of the high cost of routine laboratory examination and time-consuming operations that require specialized personnel [18] . Therefore, developing a rapid and simple method that can measure mycotoxins in a single food sample is crucial to ensure food safety.
Emerging point-of-care (POC) detection devices have been developed for this propose. New types of POC analysis tools such as digital charge-coupled device (CCD) [19] cameras, Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00216-019-02206-1) contains supplementary material, which is available to authorized users.
complementary metal oxide semiconductors [20] , epifluorescence sensors [21] , and smartphones [22] exhibit many attractive features, including portability, rapidity, programmability, ease of use, and low-cost, and can potentially be applied in POC testing [23] ; they convert an optical signal received into an electrical signal and then transmit it as a digital signal. Recently, these electronic readout tools have been integrated with chipbased [24] , paper-based [25] , microplate-based [26] , lateralflow-strip-based [27] , and glass-slide-based [22] substrates and efficient detection methods such as colorimetric, fluorescence, c h e m i l u m i n i s c e n c e , e l e c t r o c h e m i l u m i n i s c e n c e , photoelectrochemical, and microscopic detection methods [28, 29] for visual or quantitative detection of nucleic acids [26, 30] , metal ions [31] , metabolites [32] , viruses [27, 33] , cell cycles, and various chemical compounds [34] . Especially, among these studies, the quantitive analysis method based on digital color images is rather fast and convenient, whereby much information is stored, such as gray scale values [35] , pixel number [36] , RGB (red, green, blue) color values [30] , and HSV (hue, saturation, value) values [37] .
Considering this trend, we have combined an epifluorescence imaging system using a CCD sensor, upconversion nanocrystal (UCN)-encoded microspheres (UCNMs), indirect competitive immunoassays, and a custom-made algorithm to detect OTA and ZEN simultaneously in corn ( Fig. 1 ), aiming to construct a rapid, reliable, and consistent fluorescence-image-based detection method for the quantitation of multiple mycotoxins. This method has two innovations toward reducing background noise and increasing the signal-to-noise ratio by using UCNs for optical encoding and an image processing algorithm written in Python based on the red channel.
The UCNMs were engineered by our infusing mesoporous polystyrene beads with red-emitting and blue-emitting UCNs [38] . UCNs as optical barcodes, instead of traditional fluorescent labels [39, 40] , provide significant advantages over organic fluorophores or quantum dots by avoiding the spectral overlap and interference completely between UCN-encoded signals and reporter signals under near-infrared excitation. From a device perspective, a fluorescence microscope as a user-friendly analytical device was equipped with the required 980-nm laser. The background-free optical encoding signal of UCN-doped microspheres was detected with an epifluorescence imaging instrument under 980-nm laser excitation, whereas the detection signal of phycoerythrin (PE)-labeled secondary antibodies (SecAbs) conjugated to the microspheres during the indirect competitive immunoassay was detected under blue light excitation. To analyze the two images, we designed simple and portable software, not decoding equipment, to identify the optical code and calculate the red-channel values of the secondary probe. The target concentration is indicated by the attenuation of the luminescence of PE-labeled SecAbs conjugated to the microspheres. The entire imaging and analytical process takes less than 10 mins and can be performed with minimal training. We believe that multicolor UCN-encoded microspheres combined with POC detection devices such as a smartphone and cloud data services will be usefully applied in field testing of environmental pollution, disease diagnosis, and food quality control in the foreseeable future.
Experimental

Preparation of blue and red UCNMs
The blue and red UCNMs were fabricated by our adding blue and red UCNs, respectively, to microspheres by means of the selfhealing encapsulation strategy [41] . First, blue UCNs (NaY 0.75 F 4 :Yb 0.25 ,Tm 0.003 ) [41] and red UCNs (NaY 0.8 F 4 :Yb 0.2 ,Tm 0.003 @NaYbF 4 :Er 0.5 @NaY 0.8 F 4 :Yb 0.2 ,Tm 0.003 , it is an ABA sandwich structure, NaY 0.8 F 4 :Yb 0.2 ,Tm 0.003 is the core, NaYbF 4 :Er 0.5 is the shell and NaY 0.8 F 4 :Yb 0.2 ,Tm 0.003 is the outermost shell) were prepared according to the methods in [42] and redispersed in cyclohexane (concentration 20 mg/mL). The carboxylated mesoporous polystyrene microspheres were synthesized according to previous methods in the laboratory. They have uniformparticlesize,andthesurfacecarboxylgroupsarebeneficial for linking bovine serum albumin the BSA-mycotoxins. Then, 30 mg microspheres, 5 mL ODE (1-octadecene), and 500 μL chloroform containing UCNsweremixedwith anultrasonicallyvibrated tool for 10 min. The mixture was fully dispersed and added to a clean flask. Then it was stirred at 45°C for 1.5 h. Thereafter, the temperature was raised to 180°C and the mixture was stirred for 30 min. The whole process was performed under argon protection. After the reaction, UCNMs were washed three times and stored for further use.
Simultaneous detection of OTA and ZEN based on UCNMs
UCNMs were prepared in advance and rinsed with ethanol, double-distilled H 2 O, and phosphate-buffered saline (PBS), respectively, in a Eppendorf tube. Then the UCNMs were resuspended in PBS containing N-hydroxysulfosuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and incubated at 37°C to activate the surface carboxyl groups. They were then washed three times with 500 μL PBS to remove unbound material. Next, the activated blue UCNMs were added to a tube containing 500 μL PBS and 5 μg OTA-BSA, then incubated at 37°C for 1 h ; similarly, the activated red UCNMs were added to 500 μL PBS and 5 μg ZEN-BSA and incubated at 37°C for 1 h. Finally, the coated UCNMs were washed with PBS containing Tween 20 (PBST) and then stored in PBST containing 5% BSA for further use.
For the simultaneous detection of OTA and ZEN, the standards of OTA and ZEN were diluted with 7% methanol-PBS (7:93 v/v). The principle of the detection method based on UCNMs is illustrated in Fig. 1b . First, 50 μL OTAa nd 50 μL ZEN standards were added to an Eppendorf tube, and then 3 μL of blue-UCNM-coated OTA-BSA (5 mg/mL) and 3 μL of red-UCNM-coated ZEN-BSA (5 mg/mL) were added to the same tube. We found that 100 ng of monoclonal antibody (mAb) was the optimal content by experiments, so when the concentrations of the anti-OTA and anti-ZEN mAbs were 40 ng/μL, 2.5 μL anti-OTA and 2.5 μL anti-ZEN mAbs were added and incubated for 30 min at 37°C on a thermoshaker (shaking at 800 rpm). Then the UCNMs were washed three times with 200 μL PBST to remove the unbound mAbs. Next, the PE-labeled SecAb was diluted with PBS in a ratio of 1:320, and 200 μL of it was added to the former tube and incubated for 30 min at 37°C away from light. The PElabeled SecAbs were then combined with mAbs, and the UCNMs were washed three times to remove unbound PElabeled SecAbs. Finally, the UCNMs were resuspended in 50 μL double-distilled H 2 O, and then the liquid was transferred to a clean glass slide (25.4 mm × 76.2 mm × 1 mm) to capture fluorescence images.
Image acquisition and data analysis
After the slide had been inserted into the inverted fluorescence microscope, images were obtained with constant parameters (sensitivity ISO 1600, exposure 300 ms, contrast 2) and saved as 8-bit RGB TIFF files (2070 × 1548, pixel shift). As presented in Fig. 1c , the optical path with a solid line was used to obtain fluorescence image I by excitation with near-infrared light (1 W before expansion three times), which was used as For data analysis, the images were obtained by using 64-bit Anaconda 2 (Anaconda, Austin TX, USA) to run a Python script of an image processing code to identify fluorescence image I as the encoded single and quantify fluorescence image II as the detection signal, which were expressed as the average gray value (0-255) extracted from the red channel ( Fig. 1d ). All data represent analysis from 200 microspheres in each color by our calculating three sets of fluorescence images I and II under different fields of each sample to ensure that they are representative of the studies. During data processing, a circle with a radius of 10 pixels was drawn at the center of each microsphere analyzed. The calibration curve was represented by a linear relationship: y= Ax + B (y= GVp−GVo GVn−GVo , x = lg c), where GV p is the average gray value of the positive sample, GV n is the average gray value of the negative sample without addition of mycotoxins, GV o is the average gray value of the background sample without addition of anti-OTA and anti-ZEN mAbs and mycotoxins, and c is the concentration of OTA or ZEN. The limit of detection was defined as three times the standard deviation of the blank.
Recovery experiments for OTA and ZEN in corn samples
First, 1 mL 7 % methanol-PBS (7:93 v/v) was used to treat dry corn powder (0.1 g) artificially spiked with different levels of OTA (2.5, 12.5, and 50 ng) and ZEN (2.5, 12.5, and 50 ng) standards, respectively. Then the mixture was vortexed vigorously for 5 min and centrifuged at 3000 rpm for 2 min. The supernatant was carefully collected in the centrifuge tube. Finally, the spiked specimens of OTA and ZEN were analyzed by the quantitative fluorescence image analysis method based on UCNMs. The concentrations of OTA and ZEN in the spiked specimens were back-calculated from the standard curves.
Results and discussion
Characterization of the blue and red UCNMs
To detect OTA and ZEN simultaneously, we designed two different emitting UCN-encoded microspheres as barcoding signals representing different mycotoxins. First, the blueemitting and red-emitting UCNs were synthesized and the morphology was characterized by transmission electron From these images we can see that these UCNs are all monodisperse nanocrystals and have uniform particle size. In particular, the diameter of the red UCNs was slightly greater than that of the blue UCNs, which is consistent with our synthetic methods, and the red UCNs formed an ABA sandwich core-shell structure. Panels b and d in Fig. 2 show the results of dynamic light scattering, which confirm the transmission electron microscopy findings. Next, we studied the photoluminescent properties of UCNs with a fiber-optic spectrometer. The fluorescence spectrum of nanocrystals doped with Yb and Tm (Fig. 2 panel e ) exhibited peaks at about 450 nm and about 475 nm. The dark-field photograph showed that the macroscopic color is blue. Figure 2 panel f shows the fluorescence spectrum of red UCNs, with a peak at about 660 nm, which matched the color-phase diagram well. Then we used blue-UCN-encoded and red-UCN-encoded mesoporous polystyrene microspheres that were prepared according to our previously published two-step seeded copolymerization method. The self-healing encapsulation strategy at 180°C resulted in successful encoding of UCNs and avoided the leakage of nanoparticles. Figure 2 panel g shows an image captured by epifluorescence microscopy with a CCD sensor. After excitation by the 980-nm laser, the UCNMs showed bright colors, and the two kinds of colors were easily distinguished, which was convenient for detecting OTA and ZEN simultaneously. To confirm the background-free encoded performance of UCNs, we designed a series of experiments to compare UCNs and quantum dots in detection; the results are shown in Fig. S1 . The encoded signals and the detection signals have a significant overlap for quantum dots, but the UCNs do not exhibit this phenomenon, which proves the advantages of UCNs.
Selection of the optimal processing approach for fluorescence images as detection signals
The indirect competitive immunoassay was a good way to increase the sensitivity of detecting mycotoxins. During the assays, antigen binding on the microsphere competed with binding of the analysts to be detected: the greater the amount of the analyst, the fewer the number of antibodies that could attach to antigens of the microspheres, and the smaller the amount of PElabeled SecAbs binding to mAb, which resulted in a darker image under blue light, as shown in Fig. 3a (negative) and Fig. 3f (positive) . We added a beam-expanding lens to broaden the field of view as shown in Fig. S2 .
The difference between the experimental group and the control group could be distinguished easily by the naked eye. However, it cannot be used to quantitatively determine Fig. 3 a Fluorescence images of the negative control with no addition of mycotoxins excited with blue light. b-e The mean gray value and the gray values extracted from the red, green, and blue channels, respectively, of a single microsphere in the negative control group. f Fluorescence images of the positive control with the addition of mycotoxins excited with blue light. g-j The mean gray value and the gray values extracted from the red, green, and blue channels, respectively, of a single microsphere in the positive control group. k-n The difference in the mean gray value and the gray values extracted from the red (R), green (G), and blue (B) channels, respectively, of a single microsphere between the negative control group and the positive control group the brightness of each picture. So we wondered whether we could take advantage of the powerful data processing capabilities of a computer to convert an optical signal into a digital signal. We wrote a Python script of the image processing code to identify the fluorescence intensity of the negative group and the positive group. The results would be represented as a mean gray value, the range of which was generally from 0 to 255, and the value of a white dot was 255, whereas the value of a black dot was 0. We formulated that each sample needs three sets of fluorescence images I and II captured under different fields and each picture needs to contain 200 microspheres to guarantee reliability of results. For the negative group (Fig. 3a) , the gray value was 93.556, whereas for the positive group, it was 42.058 (Fig.  3g) , the difference between them being 55.045 (Fig. 3k) . To increase the sensitivity of this method, we explored the composition of the mean gray value and found it contained three parts: red channel, green channel, and blue channel. The value of each channel was not the same and was also different from the average gray value. So we extracted three different channel values and compared the discrepancy between the negative and positive pictures. The data indicated that the red-channel value was an ideal reference because the percentage differences for the mean gray value, the redchannel gray value, the green-channel gray value, and the blue-channel gray value were 55.045%, 60.589%, 49.1882%, and 5.749%, respectively, with the greatest difference being in the red channel. With excitation by blue light, the PE-labeled SecAbs appeared to be yellow-green, so the blue channel had almost no value, which was consistent with the picture. In conclusion, we chose the gray value extracted from the red channel as the output of the image fluorescence intensity to reduce background noise and increase the signal-to-noise ratio for the following indirective competitive immunoassays.
Optimal amounts of mAbs and PE-labeled SecAbs
In the competitive immunoassay method, the amount of immunological reagent must be strictly controlled, and the smaller the amount of antibody, the higher the sensitivity. To reduce the cost of assays and increase the limit of detection, we optimized the amount of mAb added and the dilution ratio of PE-labeled SecAb for OTA and ZEN.
To study the optimal amount of OTA mAb, 25, 50, 75, 100, 125, and 150 ng anti-OTA mAbs were incubated with OTA-BSA-coated UCNMs for 45 min at 37°C for the negative and positive groups. Then excess PE-labeled SecAb was added Analysis of fluorescence images as encoded signals (d1-m1) and the corresponding detection signals (d2-m2) in multiple assays by the Python-based image processing software. Ab antibody, BSA bovine serum albumin, R, red and reacted at 37°C for 30 min. The histogram in Fig. 4a and the corresponding line chart show that after addition of 100 ng anti-OTA mAbs, the Δgray value of the red channel was the highest, which meant anti-OTA mAbs essentially occupied the full binding site of OTA-BSA. For ZEN, the optimal addition of anti-ZEN mAbs was also 100 ng.
The recommended dilution ratio of PE-labeled SecAb was 1:80 to 1:320. So when studying the optimal dilution ratio of PE-labeled SecAb, we chose dilution ratios of 1:80, 1:160, 1:320, 1:480, and 1:640. The average gray value of the red channel and the corresponding line chart are shown in Fig. 4c, d . The results show that the Δgray value of the red channel decreased drastically after 1:320 dilution of PE-labeled SecAb. In this method, the PE-labeled SecAb dilution ratio of 1:320 basically made PE-labeled SecAb occupy the binding site of anti-OTA mAbs and guaranteed a good competition effect. Therefore, the optimal dilution ratio of PE-labeled SecAb in this study was 1:320. We also studied other conditions, including contrast, exposure time of the fluorescence microscope, reaction time of ZEN and antibody, and reaction time of the SecAb as shown in Fig. S3 .
Quantitative fluorescence image analysis for single mycotoxin detection based on UCNMs
On the basis of the optimal conditions, we performed an indirect competitive immunoassay to detect OTA and ZEN, respectively. Under each group of experimental conditions, we obtained two sets of pictures in the same field of view, which were constructed of images I and II. Image I was obtained by excitation with the 980-nm laser and used as the encoded signals representing different kinds of mycotoxins. We used blue UCNMs to indicate OTA and red UCNMs to indicate ZEN. The relationship between the colors of the UCNMs and the mycotoxins is not unique and can be in any combination. Image II was obtained by excitation with blue light and used as the detection signals of PE-labeled SecAbs on UCNMs, representing the concentration of each mycotoxin quantitatively.
The two pictures were put into a self-written Python script of the image processing code for identification. First, a circle with a radius of 10 pixels was drawn at the center of each microsphere analyzed in image I. Then the same positions of the microspheres in image II were found, and we used the average gray value extracted from the red channel as the final result for the brightness value. The calibration curve was represented by a linear relationship: y= Ax + B (y= GVp−GVo GVn−GVo , x = lg c). The limit of detection was defined here as three times the standard deviation of the blank. The standard curves based on UCNMs detecting OTA and ZEN are shown in panels a and i in Fig. 5 : y = 0.71162 − 0.38284x, y = 0.68297 − 0.32019x and the correlation coefficient (R 2 ) was 0.97083 and 0.99398, respectively, which indicates good correlation between the concentrations of standards and the inhibition level. With the increase of the standard concentration, the brightness of PElabeled SecAbs on UCNMs and the y-axis value decreased.
Quantitative fluorescence image analysis for simultaneous detection of OTA and ZEN based on UCNMs
Before detecting different kinds of mycotoxins simultaneously, we need to ensure specific binding between antigen and mAb. So we designed an experiment to prove this. UCNMs coated with ZEN-BSA were divided into three groups: a control group, a group with ZEN-antibody added, and a group with OTA-antibody added. The same amount of PE-labeled SecAbs was added in the following step. The average gray value of the red channel in panel a in Fig. 6 indicates that only when the antigen and its specific antibody partner were present could SecAb bind more to the mAb, and the calculated gray value would be higher. This result was equally applicable to UCNMs coated with OTA-BSA.
Then ZEN and OTA standards were detected in the same Eppendorf tube simultaneously with the same concentration of standards to make standard curves for the following step. The results are shown in panel b in Fig. 6 (y = −0.3907x + 0.72381, R 2 = 0.99514 for OTA and y = −0.4174x + 0.6573, R 2 =0.99808 for ZEN) and showed a good linear relationship. Panel c in Fig. 6 shows a dark-field photograph of a multiplemycotoxin sample excited by the 980-nm laser, which exhibits a mixed color based on blue and red UCNMs. Panels d1-m1 and d2-m2 in Fig. 6 show the encoded signals and detection signals from fluorescence analysis, including background, 0 ng/mL, 0.5 ng/mL, 2.5 ng/mL, and 10 ng/mL, respectively. The designed Python program circled the UCNMs of different mycotoxins in encoded signal pictures (image I) and the corresponding detection signal pictures (image II), and they formed a complete set of data.
Recovery study of spiked samples
The recovery experiments in corn were used to evaluate the quantitative fluorescence image analysis method based on UCNMs for mycotoxin detection. The recovery study was performed in three replicates. The recovery rates were quite satisfactory as seen in Table 1 , and ranged from 88.580% to 99.738%, with an interassay coefficient of variation that was lower than 7%.
Conclusion
In summary, we have established a platform for the feasible and reliable detection of multiple types of mycotoxins simultaneously using a quantitative fluorescence image analysis method based on background-free encoded microspheres. The use of UCNs as optical barcodes completely avoided spectral overlap and interference between the signal and reporter signals. Combined with the self-written algorithm that could analyze the images captured by fluorescence microscopy, the whole system increased the accuracy of the detection, and the limit of detection was 0.34721 ng/mL for OTA and 0.41162 ng/mL for ZEN. We envision that this platform will be used not only for mycotoxins but also for disease diagnosis, environmental monitoring, and other analytes in the future.
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